An enzyme that catalyzes the stoichiometric conversion of 6-tuliposide into tulipalin was purified and characterized from bulbs of Tulipa gesneriana. The enzyme appeared to be a dimer, the relative molecular mass (Mr) of each subunit being 34,900; it had maximum activity and stability at neutral pH and moderate temperature. The enzyme preferentially acted on such glucose esters as 6-tuliposides, and to a lesser extent on p-nitrophenylacetate.
It is known that the tulip (Tulipa gesneriana L.), which is a popular ornamental flower, contains antimicrobial glucose esters such as 6-tuliposide A (6-O-(3 0 -hydroxy-2 0 -methylenebutyryl)-D-glucose; 1a) and 6-tuliposide B (6-O-((S)-3 0 ,4 0 -dihydroxy-2 0 -methylenebutyryl)-D-glucose 1b) in large quantities (0.2-2% w/w fresh weight) in all parts of the plant. [1] [2] [3] [4] [5] The above-mentioned tuliposides are unstable and chemically converted to form their corresponding lactones, namely, tulipalin A (2-methylenebutyrolactone; 2a) and tulipalin B ((S)-3-hydroxy-2-methylenebutyrolactone; 2b). Tuliposides and tulipalins are also produced in Liliflorae plants such as those belonging to the genera Erythronium, Gabea, and Alstromeria.
6) It has recently been reported that 1b was accumulated in a high amount in anther tissue. 7) We are interested in investigating the biosynthesis of tuliposide and the mechanism for its antimicrobial action; we also want to examine the accumulation of these compounds in tulip tissues at different stages of growth. We extracted tuliposides and tulipalins from several tissues by MeOHcontaining water (0-100%) at room temperature; the ratio of the amount of tulipalines/tuliposides was found to markedly vary according to the type of extraction solvent. When the tissues were extracted by water or water containing a low amount (<20%) of MeOH, tulipalins were detected in the extract (the ratio was 0.05-0.2). However, the ratio gradually decreased with increasing MeOH content (up to 50%) in the extraction solvent; it reached nearly zero when the tissues were extracted by a solvent containing a high (>50%) amount of MeOH that could denature the proteins of tissues. These results enabled us to anticipate that the tulip tissues contained an enzyme that would catalyze the conversion of tuliposides to the corresponding tulipalins, which have stronger antimicrobial activity, [1] [2] [3] [4] [5] as is the case with the glucosinolate-myrosinase 8) and cyanogenic glucoside-oxynitrilase 9) systems. Enzymatic and genetic studies of this enzyme will help in clarifying its antimicrobial action against phytotoxic microorganisms. Beijersbergen and Lemmers have suggested that the tuliposide-converting enzyme may be present in an extract of tulip tissues, 10) but there has been no attempt to purify or characterize this enzyme. There are also no reports on the type of enzyme that converts tuliposides into tulipalines in other plants. This is the first report of the purification and characterization of this tuliposideconverting enzyme from plants.
The tulip cultivar used was 'Murasakizuisho' throughout this study. The tissues were disrupted by a Multi-Beads-Shocker (Yasui-Kikai) in a 10 mM potassium phosphate buffer (KPB) at 4 C; the solution was centrifuged (10;000 Â g, 4 C), and the supernatant was used as a cell-free extract. Tuliposide-converting activity (Fig. 1A) was measured after incubating 1a (4 mM) with the enzyme solution at room temperature for 10 min, the reaction being stopped by adding H 3 PO 4 in aqueous MeOH. The tuliposide and tulipalin contents were measured by high-performance liquid chromatography (HPLC) at 208 nm, using an ODS-100V column (4:6 Â 150 mm) at a flow rate of 10 mM H 3 PO 4 in 20% MeOH (v/v) (Fig. 1B) . Since tuliposides are unstable and chemically converted to tulipalins in the neutral to alkaline pH range, we measured the enzyme activity at pH 6.5; at that pH value, less than 0.5% of tuliposides were chemically converted to tulipalins. We measured the tuliposide-converting activity in each tissue; the tulip bulb extract showed the highest enzyme activity (data not shown). As summarized in Table 1 , the enzyme was purified to homogeneity (43.4-fold), with an overall yield of 36.2% from the cell-free extract of 1 kg of tulip bulb, by ion-exchange, hydrophobic, and gel-filtration y To whom correspondence should be addressed. Tel: +81-766-56-7500; Fax: +81-766-56-2498; E-mail: ykato@pu-toyama.ac.jp column chromatographic procedures according to the previously described protocols.
11) The purified enzyme showed a single band on sodium dodecyl sulfatepolyacrylamide electrophoresis (SDS-PAGE) and had a relative molecular mass (M r ) of 34,900 (Fig. 1C) . Gel filtration chromatography with G-3000SW XL (Tosoh, Tokyo) revealed that the M r value for the native enzyme was about 70,200, indicating that the enzyme existed as a dimer. The enzyme did not absorb any light in the visible range and had an absorption maximum at 280 nm. As shown in Fig. 2 , the enzyme exhibited highest activity at 30 C and at a pH value of around 6.5. The chemical conversion of tuliposide was found to be accelerated at a pH value higher than 7.5 and a temperature above 40 C. HgCl 2 (0.2 mM), AgNO 3 (2 mM), NaF (2 mM), and phenylmethylsulfonyl fluoride (PMSF, 2 mM) inhibited >99%, 98.8%, 91.7%, and 86.9% of the enzyme activity, respectively. The enzyme was active toward sugar esters such as 1a (relative activity, 100%) and synthetic 1b 12) (7.8%), 6-benzoyl glucose * (1.2%) and, to a lesser extent, toward pnitrophenyl acetate (0.4%). It catalyzed the stoichiometric conversion of tuliposide into tulipalin. The kinetic data for 1a and 1b were plotted in the form of Lineweaver-Burk plots, and the V max and K m values were determined to be 111,000 (U/mg) and 8.99 (mM), and 292,000 (U/mg) and 90.5 (mM), respectively. The enzyme did not act on glucose-phosphate esters (glucose-6-phosphate), glucosides (p-nitrophenyl-/-D-glucoside), and phosphate and sulfate esters of p-nitrophenol. Kiso et al. have reported a bacterial -glucosidase with hydrolytic activity against glucose esters, 13) but the enzyme in our study is was markedly different from the -glucosidase studied by them because it did not accept glucosides as substrates. On the basis of these results, we can classify the enzyme from tulips as a sugar ester hydrolase that preferentially acts on tuliposides. Even when the reaction was stopped by using MeOH, the tuliposide was converted to a lactone and not -hydroxy acid, which would be the product of such an interrupted reaction. The reaction product at pH 7.0 was a lactone and not -hydroxy acid. We also confirmed that chemically prepared -hydroxy acid was not chemically converted to a lactone at under pH 7.0. It is likely that the lactone was formed by intramolecular transesterification, and not by hydrolysis of the enzyme-substrate complex. The enzyme did not catalyze the alcoholysis of tulipalin by D-glucose to form tuliposide under any conditions tested. We noted that commercial lipases and esterases did not catalyze tuliposide conversion, suggesting that our enzyme was a novel hydrolase. We are studying the specific characteristics and functions of this enzyme and determining its substrate specificity by using various synthetic sugar esters and by a molecular analysis of the gene encoding it. Glucosinolates and cyanogenic glucosides function as the storage or transport forms of plant antimicrobial compounds; glucosides are dissociated into glucose and the corresponding aglycones by the action of myrosinase and -glucosidase/oxynitrilase, respectively. 8, 9) The aglycones are primarily involved in plant defense. Several secondary metabolites in plants may be the components of such glycoside-aglycone systems 14) such as phytohormones and polyphenols which influence cell division, color formation, and movement. Previous studies have reported [1] [2] [3] [4] [5] that tuliposides had antimicro- bial activity; however, whether this activity was due to tuliposides or to chemically/enzymatically formed tulipalins is still unclear. Indeed, we found that tuliposides had considerably low chemical stability and that their antimicrobial activity could not be analyzed in vivo (t 1=2 < 6 h at pH 7.0; data not shown). Hence, tuliposides can be expected to be a simple storage or transport form of the actual antimicrobial compounds, namely, tulipalins, as is the case in other glycoside-aglycone systems in plants. The subcellular localization of these compounds and the enzyme in tulips, and the structureactivity relationship of these compounds should be studied in greater detail. In order to compare the characteristics of the enzyme from various tissues, the enzyme was partially purified from crude extracts of roots, bulbs, stalks, leaves, petals, anthers, and pistils by Mono-Q and Superose12 columns (Amersham, Uppsala, Sweden) by monitoring its 1a-converting activity. The elution profiles exhibiting enzyme activity were different from each other in both columns. The ratios for the specific activities against 1a/1b of the enzymes from roots, bulbs, stalks, leaves, petals, anthers, and pistils, were 0.72, 9.38, 7.07, 6.28, 7.61, 0.33, and 1.82, respectively. On the basis of this result, we can assume that the tuliposide-converting enzyme has different properties in different tulip tissues. In addition, the fact that the ratio of 1a to 1b was different in each tissue 7) suggests that the enzyme exhibits varying substrate specificity. It has been reported that the myrosinase found in Brassicaceae plants is encoded by a gene family comprising at least 3 subfamilies; the tissue-specific expression of these gene subfamilies has been studied. 15) It is of our interest to clarify the physiological functions of the tuliposideconverting enzyme and its association with tuliposides in each tulip tissue. The purification and characterization of the tuliposide-converting enzyme from other tulip tissues will be reported elsewhere. The specific enzyme activities were measured for 10 min at various temperatures between 15 C and 60 C in KPB (pH 6.5) and in several buffers (50 mM): AcOH-AcONa ( ), NaPB ( ), KPB ( ), HEPES (Â), and Tris-HCl ( ). Relative specific activity is expressed as a percentage of the maximum activity attained under the experimental conditions.
